Femtosecond vibrational dynamics in water nano-droplets by Cringus, Gheorghe Dan
  
 University of Groningen
Femtosecond vibrational dynamics in water nano-droplets
Cringus, Gheorghe Dan
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2008
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Cringus, G. D. (2008). Femtosecond vibrational dynamics in water nano-droplets. s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the







Intramolecular Dynamics of Water 







In this chapter the technique of two-dimensional femtosecond infrared spectroscopy is used 
to investigate the ultrafast vibrational dynamics of monomeric water molecules dissolved in 
acetonitrile. This technique reveals several contributions to the non-linear signal, which 
could not be resolved using the pump-probe method presented in the previous chapter. In 
addition, the sub-picosecond dynamics are shown to be dominated by the intermolecular 
coupling between the symmetric and asymmetric stretching modes. The vibrational energy 
exchange between the two modes is directly measured and the characteristic time is in the 
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Liquid water is a key player in the bio-chemistry of many life processes. For instance, the 
water layer solvating a protein contributes crucially to its structure stabilization, enzymes 
function properly only in the presence of water, and water facilitates the communication 
between biological cells [1]. The amazing potential of water to accomplish such diverse 
functions is directly related to its capability to form intense hydrogen bonds [2]. It is well 
known that most of the unusual properties of bulk phase water are largely due to the 
hydrogen bond network established between the water molecules. Therefore, the ultrafast 
dynamics that are characteristic for this network have raised considerable interest. For a 
detailed summary of studies on this issue, we refer the reader to the following reviews 
[3,4].  
When water is found in geometrically restricted environments, for instance, in 
biological cells, its physics becomes complex. This is due to the fact that the hydrogen 
bond network is truncated thereby reducing cooperative interactions [5]. As a result, 
confined water has markedly different properties than bulk water. Accordingly, over the 
years a significant amount of research has aimed at understanding the differences between 
bulk water and micro- or nanodroplets of water. One of the most fascinating topics in this 
field concerns the effects of nanoconfinement onto vibrational energy relaxation and 
dynamics of the hydrogen bond network [6-11]. These studies have revealed a vast variety 
of interesting phenomena that occur in small water cluster, such as vibrational relaxation 
channels that substantially differ from those in bulk [8,12,13], a layer of immobile 
interfacial water [13-15], the blockage of intermolecular vibrational energy transfer [13], 
and frozen dynamics [16]. 
Many of the aforementioned ideas are still controversial and require a better 
understanding of intramolecular processes. Therefore, several groups have recently focused 
on studying isolated water molecules in various environments [7,11,17]. With much shorter 
laser pulses available nowadays, new time scales and phenomena have been accessed, 
which are beyond the capabilities of the early pioneering work of Graener and coworkers 
[18,19]. 
One of the most intriguing aspects regarding the subpicosecond dynamics in liquid 
water is the extremely fast depolarization of the OH stretching band. Several groups have 
shown that the anisotropy decays with a time constant of about 0.1 ps [20-22], which is 
viewed to be related to the strong coupling of neighboring water molecules. However, our 
recent results [11] suggest that the loss of the orientational memory in water might be 
ascribed – at least, partly – to dynamics that occur within the initially excited molecule. In 
particular, a subpicosecond decay of anisotropy was observed in a pump-probe study on the 
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OH stretching mode of monomeric H2O molecules diluted in acetonitrile at low 
concentration [11]. As intermolecular water-water interactions do not occur in this system, 
the fast anisotropy decay can only reflect intramolecular processes. The scenario proposed 
in Ref. [11] (See also Chapter 3) is that the fast anisotropy loss is mainly due to the 
intramolecular coupling between the quasi-orthogonal symmetric and asymmetric 
stretching modes. Since the directions of the transitions dipoles of these two modes have a 
relative angle close to 90o [23], an exchange of vibrational population and/or interstate 
coherence would erase the information regarding the orientation of the initially excited 
dipoles. The anisotropy decay time for H2O in acetonitrile appeared to be at least one order 
of magnitude shorter than typical times for population exchange reported for H2O in 
various inert (i.e. not hydrogen bonds forming) solvents [18,19]. Furthermore, in contrast to 
the previous study, very similar experimental observations [17] have been interpreted as 
reflecting two different rotational diffusion constants. Namely, the frequency depended 
anisotropy of isolated water molecules in a solution of N,N-dimethylacetamide (DMA) was 
assigned to a “hinging” motion of the water molecule combined with a reorientation of the 
water-DMA complex [17].  
On the experimental side, the pump-probe technique has a limited capability in 
investigating multimode systems which have highly congested energy bands and fast 
dynamics. Thus, pump-probe measurements with ultrashort – and implicitly broadband – 
laser pulses do not provide enough contrast in the frequency domain to allow separating the 
contributions originating from the excitation of different modes. On the other hand, 
experiments employing a narrow bandwidth pump pulse that excites only one transition 
inherently lack the required time resolution [18,19].  In addition, this approach is not 
extremely helpful under conditions of strongly congested transitions when the excitation of 
a single mode alone is not feasible. Therefore, a different experimental approach is required 
in order to clarify the origin of the ultrafast dynamics in diluted water.  
In this chapter, a recently developed technique, namely two-dimensional (2D) 
femtosecond correlation spectroscopy [21,24,25] is used to investigate dynamics of H2O 
molecules dissolved in acetonitrile. This technique adds a new dimension to the classical 
time-resolved pump-probe spectroscopy, as it provides selectivity over the excitation 
frequency, without compromising the time resolution [26]. This offers a remarkable 
opportunity to verify directly i) whether the pump-probe signals discussed in the previous 
chapter are the result of interfering responses from several transitions, and ii) whether an 
energy exchange between the symmetric and asymmetric modes, which was believed to be 
the reason for the fast anisotropy decay, takes indeed place on a subpicosecond time scale. 
By utilizing the 2D correlation spectroscopy method, the time scale of the intramolecular 
energy exchange between the symmetric and asymmetric stretching modes is measured 
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directly. Our results show that the intramolecular energy conversion occurs with a 
characteristic time of 0.2 ± 0.1 ps and provide the experimental evidence needed in order to 
understand the origins of the fast anisotropy decay observed in previous studies [11,17]. 
The conclusions are substantiated by computer simulations which are in good agreement 
with the experimental data. 
 
 
4.2. Principles of 2D Correlation Spectroscopy  
 
During the last decade, two-dimensional correlation spectroscopy (2D CS) has received 
considerable attention from experimentalists and theoreticians alike [21,24,25,27]. The 
huge interest in this method relies on the fact that it offers a route to acquire detailed 
information on dynamics and/or coupling of optical transitions. The essence of the 2D CS 
technique is to create a special combination of excitation pulses in both space and time that, 
combined with theoretical modeling, is the most efficient in revealing the dynamical 
properties of the system under study. The output of a 2D CS experiment is the frequency-
resolved mixture of the third-order nonlinear signal generated in the phase-matched 
direction and a local oscillator field as a function of the delay t12 between the first two 
excitation pulses (Fig. 1). Subsequently, a Fourier-transformation (FT) is performed along 
the t12 axis, and the result is represented as a function of two frequencies, ω1 and ω3, that 
correspond to the time interval t12 and to the measured by the polychromator frequency, 
respectively (Fig.2).  
2D CS closely resembles its radio-frequency analogues in nuclear magnetic resonance 
such as correlation spectroscopy (COSY) and nuclear Overhauser and exchange 
spectroscopy (NOESY) [28,29], and, similarly to these techniques, is potentially capable of 
revealing the structural information. With the recent progress in generation of short optical 
pulses, it became possible to excite an appreciable part of the optical spectrum impulsively 
gaining the site-selectivity. By choosing different directions of incoming laser beams, pulse 
sequences and wavelengths, one can construct a large number of qualitatively different 
nonlinear spectroscopy experiments providing a rich package of complementary 
information. 
In the limit of infinitely short excitation pulses, the generated electric field (also known 
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where ω0 is a transition frequency and R(t,t12,t23) is the so-called nonlinear response 






















2312 δωδω               (4.2) 
 
Here, δω(t) is the time-fluctuating contribution of the transition frequency of each 
chromophore that in general makes a random walk through frequency space due to the 
system-bath interactions.  
If follows from Equation 4.2 that the echo signal will represent the correlation of the 
transition frequency during two probe (coherence) intervals t12 and t. This frequency is not 
a constant as for instance it is influenced by the environmental perturbations. Furthermore, 
the frequency might not be that of a single transition: different optical transitions can be 
probed if there is any correlation between them. In 2D NMR these are known as the 





Figure 4.1 Schematics of the experimental setup for two-dimensional (2D) correlation 
spectroscopy (top) and definitions of the delays between the four laser pulses (bottom). 
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Now we come to mathematical description of the detected signal that allows us to 
outline the requirements to the experimental setup. The total electric field at the 
polychromator position can be written as 
 
)(),,(),,,( 342312342312 ttEtttEttttE LOecho −+=            (4.3) 
 
where Eecho(t,t12,t23,t23) and ELO(t–t34) are the electric fields of the echo signal and local 
oscillator, respectively. As the polychromator action is represented by the time-to-
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Noticing that the spectrum S(ω) of a field E(t) is given by Fourier-transformation 
 
2
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where Secho(ω3,t12,t23) and SLO(ω3) are the spectra of the echo signal and local oscillator, 
respectively. Note the appearance of the oscillatory (interferometric) component 
exp(-iω3t34) in the second term. 
The first term in Eq. 4.7 is usually neglected, as it has a low intensity if Secho << SLO. As 
in our experiments the local oscillator was substantially weakened to improve the signal-to-
noise ratio, the former argument is not entirely granted. Therefore, we also measured the 
homodyne contribution (with the beam k4 blocked) immediately after each heterodyned 
scan and subtract it straightforwardly from the total signal. Finally, the delay-independent 
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contribution SLO(ω3) was subtracted by introducing a 500 Hz synchronous chopper that 
blocked every other k1 pulse. Therefore, the following signal is obtained: 
 
[ ]343)(),,(Re2),,,( 3*231233423123 tiLOecho eEttEtttS ωωωω −=            (4.8) 
 
Finally, taking into account that the delay t34 is approximately set at zero and only delay t12 
is scanned, the 2D spectrum is obtained by performing a second Fourier transformation 
 
∫= 12323123231 121),,(),,( dtettStS tiωωωω              (4.9) 
 
From Eqs. 4.8 and 4.9 it becomes clear that throughout the experiment interferometric 
accuracy is required for the delays t12 and t34. This means that in order to limit the phase 
dithering, first, the non-scanned t34 delay should be kept constant and, second, the time 





In this section we present a brief description of our experimental setup and discuss several 
issues related to the data processing and interpretation. For more details regarding the 
technique of coherent 2D IR spectroscopy, we refer the reader to Ref. [25], which is an 
excellent recent review on the technique and data processing. 
 
 
4.3.1 Setup for 2D Correlation Spectroscopy 
 
In our experiments, we used 70-fs mid-infrared pulses centered at 3575 cm-1, with pulse 
energy in the order of 10 µJ, produced by a home built optical parametrical generator 
(OPG). The generation and characterization of the ultrashort laser pulses have already been 
described in Chapter 2 and Ref. [31]. The OPG output was split into three beams (k1, k2, k3) 
of approximately equal intensity and a forth one (k4) about 100 times weaker. The latter is 
needed to improve the signal-to-noise ratio of the detection, by providing heterodyning of 
the photon echo signal. The measurements presented here were performed with the 
polarizations of the first pulse pair orthogonal to the polarizations of the second pair (the 
so-called ZZYY configuration where Z and Y stand for the polarization directions) (Fig. 4.1).  
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The time separation between pulses was controlled with four delay lines. The temporal 
overlap between the first two pulses was set within ± 2 fs from the symmetry around zero 
delay of the echo signals k3 + k2 - k1 and k3 + k1 - k2, measured by delaying k1 and 
respectively k2 [32] . The other delays were set within ± 10 fs accuracy from pump-probe 
signals measured in a nonresonant medium CaF2 [31]. The local oscillator (k4) beam 
propagated collinearly with the photon echo signal emitted at the k3 + k2 - k1 direction. The 
four beams were focused into the sample and then recollimated by two spherical mirrors 
(f = 10 cm). The resulted electric field was spectrally resolved with a 64-elements MCT 
polychromator covering a spectral range of ~500 cm-1. 
As discussed in the previous section, the t34 delay should be kept constant to maintain 
phase stability, and the time steps t12 should be defined with a high accuracy. The former 
requirement was fulfilled by designing a stable and compact setup, screened against air 
flows and remote from any source of mechanical vibrations (such as noisy equipment, 
which was removed from the laboratory). For precise calibration of the time steps, two 
Michelson interferometers were constructed on the back side of the k1 and k2 delay lines. 
The interference pattern of a He-Ne (3392 nm) laser beam recorded simultaneously with 
the heterodyned echo signal was used for the exact calibration of the t12 time axis. 
The sample consisted of water (H2O) dissolved in acetonitrile at a molar ratio of ~0.02. 
Such a small concentration prevents the formation of water clusters, as the water molecules 
are surrounded by acetonitrile. Both substances were purchased from Aldrich (HPLC 
grade) and were used without any further purification. The sample was contained in a 
50 µm thick free standing jet, resulting in a maximum optical density in the OH stretching 
frequency range below 0.3. Such a low optical density is needed in order to minimize the 
propagation effects which can potentially distort the recorded photon-echo signal [33].  
 
 
4.3.2. Experimental Protocol and Data Processing 
 
The phase sensitivity of the 2D correlation spectroscopy gives access to both the imaginary 
and real part of the material response function. Depending on the specific information that 
is desired, a particular contribution can be selected by choosing appropriate phase matching 
conditions and/or by making linear combinations of 2D spectra obtained under different 
experimental conditions [25,34]. Most frequently, purely absorptive 2D spectra, i.e. free of 
dispersive contributions, are preferred due to their intuitive character. An elegant method to 
eliminate the dispersive contributions to the 2D spectra, proposed in Ref. [34], consists of 
summing the so called rephasing and nonrephasing signals. A rephasing (and respectively 
nonrephasing) 2D spectrum is obtained by scanning the pulse k1 (k2), while maintaining t23 
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(t13) constant (Fig. 4.1). When the time separation between the two pulse pairs (k1, k2) and 
(k3, k4) is very long compared to the separation between the k1 and k2 pulses, the rephasing 
and nonrephasing spectra will be practically identical. In this case, adding the two 
experiments is not critical, and thus an absorptive 2D spectrum can be obtained by 
scanning only a single pulse. However, for short waiting times t23 this approximation 
brakes down and the summation of the rephasing and nonrephasing spectra is essential for 
obtaining a purely absorptive 2D spectrum. 
In practice, the limited repeatability of the delay lines caused slight deviations (±1 fs) 
in the overlap of the first two pulses between two consecutive rephrasing and nonrephasing 
measurements. While this might appear as an extremely small value, in the interferometric 
experiment the relevant time scale is dictated by the electric field period, which in our 
experiments is ~10 fs). Delays by ¼ of the period bring the signal from zero to its 
maximum (or minimum). Therefore, the two data sets first had to be properly stitched by 
slight shifting of the nonrephasing interferogram along the t12 time axis to the point where 
the difference around t12 = 0 fs was minimized. The resulting matrix was then Fourier 
transformed along the t12 axis, to result in the purely absorptive 2D spectrum.  
While the relative deviations in the t12 time origin between two rephasing and 
nonrephasing experiments can be compensated as explained above, the overall 
uncertainties in the overlap of the pulses can still affect the 2D correlation spectrum. This 
problem can be solved by employing a phasing protocol based on the projection-slice 
theorem [24]. The theorem states that the projection of a 2D spectrum onto the ω1 = 0 axis, 
hereafter denoted I2D(t23,ω3), is identical to the spectrally resolved pump-probe signal, 
IPP(t23,ω3), measured for a pump-probe delay equal to the waiting time t23 in an independent 
experiment: 
 
),(),,(),( 323132313232 ωωωωω tIdtStI PPD ≡= ∫ .               (4.10) 
 
 Very small uncertainties in the zero position of either t12 or t34 lead to significant 
distortions of the 2D spectrum, and consequently alter the correspondence between the 
projection and the independently measured pump-probe. 
The complete data handling was converted into a computer algorithm which allowed 
automatic processing. First, the rephasing and nonrephasing measurements were stitched by 
minimizing the difference of the two corresponding matrices around zero delay. Then, a 
phasing procedure was run. The best settings for t12 and t34 were found by optimizing the 
correspondence between the normalized projection of the 2D spectrum I2D(ω3) and the 
measured pump-probe signal IPP(ω3). For a given pair of deviations δ12 and δ34 from the 
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experimental values t12 = 0 fs and t34 = 0 fs, the residuals between the measured pump-
probe signal and the normalized projection of the 2D spectrum were calculated as 
 
334123231234123233412 ),,,,(),(),(),( ωδδωωδδωδδ dtINtI DPP∫ −=∆ ,         (4.11) 
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insures that the two curves are properly scaled before subtraction. In order to eliminate the 
points for which I2D(ω3) and IPP(ω3) have opposite signs, the residuals which required a 
negative normalization factor were straightforwardly disregarded. In other words, a 
maximum allowed deviation (MAD) between the projection of the 2D spectrum and the 
pump-probe was set by limiting N(δ12, δ34) to positive values. 
Figure 4.2(a) shows the residuals ∆(δ12, δ34) for different deviations from the zero 
positions of t12 or t34. In this figure, ten equally spaced levels, shown in gray scale, separate 
the minimum (black) from the MAD (white) values. The points for which N(δ12, δ34) < 0 
are also shown in white. The computational time can be drastically reduced if we take into 
 







































Figure 4.2 Residuals between the projection of the 2D spectrum onto the ω3 axis and 
the independently measured pump-probe signal. Panel (a) shows the complete data set 
for ± 50 fs deviations of both the δ12 and δ34, and panel (b) displys the cross-section for 
δ12 = 0 fs. The data are normalized to the MAD value. 
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account that t12 = 0 position is experimentally set with a high accuracy. Thus, it is not 
necessary to calculate all the elements of the ∆(δ12, δ34) matrix. Instead, we began by 
calculating the residuals ∆(δ12, δ34) only for δ12 = 0, i.e. along the dashed line in Fig. 4.2(a). 
The t12 = 0 section through the ∆(δ12, δ34) matrix, normalized to MAD, is shown in 
Fig. 4.2(b). It can be seen that the local minima are clearly defined, and only a few of them 
are situated within acceptable values for t34. Starting from the best 3 or 4 local minima 
found in this way, we performed a fine 2D search along each valley [Fig. 4.2(a)] until the 
right settings were found.  
The testing experiments show that the phase drift of the setup does not exceed 0.01 rad 
at the timescale of a single scan (that is, several minutes). This converts into the frequency 
instabilities of <5 cm-1. This matches very well the frequency step of the MCT array of 
~7 cm-1. Along the ω1 axis, the resolution of ~10 cm
-1 is mainly determined by residual 
instabilities in positioning of the delay line. These values are considerably lower than the 
peak splitting of ~80 cm-1 and (deconvoluted) peak width of ~50 cm-1, characteristics of the 
H2O in acetonitrile absorption spectrum. 
 
 
4.4 Results and Discussion  
 
The two OH oscillators of a water molecule are covalently bonded to the oxygen atom, 
which insures their efficient (through-bond) coupling. This causes vibrational 
delocalization over the whole molecule and the appearance of three normal modes that are 
commonly denoted as |nsnbna> [23]. This standard notation stands for three quantum 
numbers associated with the symmetric stretch, bend, and asymmetric stretch of the H-O-H 
molecule, respectively. For the experiments discussed in this chapter, only the ground state 
|000> and the first two excited states of the symmetric (|100> and |200>) and asymmetric 
(|001> and |002>) stretch need to be considered. The bending mode has no relevance to the 
present experiments, and is therefore disregarded in the following discussion. Figure 4.3(a) 
shows the energy level diagram for isolated H2O molecules, together with all possible 
transitions that can occur between the relevant levels. The double sided arrows correspond 
to the fundamental transitions, and the simple arrows mark the transitions starting from the 
first excited states. 
The absorption spectrum of monomeric H2O molecules dissolved in acetonitrile in the 
OH stretching region is shown in the top panels of Fig. 4.3(b). The spectrum consists of 
two distinct peaks, traditionally associated with the symmetric (ωs = 3545 cm
-1) and 
asymmetric (ωa = 3630 cm
-1) stretching modes [7,11,18,19,23]. In the theoretical modeling 
already presented in Chapter 3, we describe the system in a local base, considering the 
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evolution of the two individual OH oscillators. However, for the sake of simplicity, 
throughout the paper we will use the common language of normal modes [34,35]. 
Nevertheless, we point out that the two modes are not fully orthogonal in quantum 
mechanical sense and therefore this terminology should not be taken ad litteram. In reality, 
the two modes have a mixed nature, although each of them shows a predominant 
symmetric or asymmetric character [36].  
With the above outlined reservations, the frequencies of the two normal modes are [23] 
 
Js −=≡ 0100 ωωω           (4.13) 
and 















































Fig. 4.3. (a) Energy level diagram showing the H2O stretching modes and the 
transitions relevant to our experiments. The notation |nsnbna> stands for three quantum 
numbers associated with the symmetric stretch, bend, and asymmetric stretch of the H–
O–H molecule, respectively. The bending mode has no relevance to the presented 
experiments. (b) 1D (top panels) and 2D (low panels) absorptive spectra of H2O in 
acetonitrile in the OH stretching region. The left and right panels show the 
experimental and calculated spectra, respectively, for a 0 fs waiting time. The 
maximum (red) and minimum (blue) of the signal are separated by equally spaced 
levels (10% of the maximum) and the dotted line corresponds to zero amplitude.  The 
dots show the positions of the transitions as obtained shown in (a).  
Intramolecular Dynamics of Water Investigated by Two-Dimensional Correlation Spectroscopy 
89 
where ω0 is the central frequency of the local OH oscillators, and J is the intermolecular 
coupling constant. The coupling constant J determines the separation between the 
symmetric and asymmetric peaks and its value, found by fitting the linear absorption 
spectrum, is approximately 35 cm-1.  Similarly, the central frequencies of the |200>, |101> 
and |002> states are shifted from their harmonic values (i.e. from 2ωs, ωs+ωa and 2ωa, 
respectively) by values related to both the anharmonicity of the individual OH oscillator 
and the coupling constant. In this case, the central frequencies of the doubly excited states 
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where A is the anharmonicity constant of the local OH oscillators. Its value is in the order 
of 200 cm-1, as was derived from studies of HDO dissolved in acetonitrile or in HDO 
[6,11].  From Eq. 4.13-4.17 it becomes clear that the response frequencies corresponding to 
higher state transitions are also dependent on the initial single excited state. 
The main panels in Fig. 4.3(b) show the experimental (left) and calculated (right) 
absorptive 2D correlation spectra for 0 fs waiting time. The maximum (red) and minimum 
(blue) of the signal are separated by equally spaced levels (10% of the maximum) and the 
dotted line corresponds to zero amplitude. The exact positions of the main transitions, as 
obtained from theory, are marked with dots. Immediately after the excitation of either 
symmetric (ω1 = ωs) or asymmetric (ω3 = ωa) modes, several processes contribute to the 
nonlinear signal. First of all, two positive peaks, emphasized by the red dots in Fig. 4.3(b), 
are observed on the main diagonal (ω3 = ω1). These two correspond to induced bleach and 
stimulated emission at the fundamental frequencies of the initially excited modes [double-
sided arrows in Fig. 4.3(a)].  
At the same time, from each singly excited state (|100> or |001>), three transitions to 
doubly excited states are possible. Thus, upon the excitation of either the symmetric (at 
ω1 = ωs) or asymmetric (at ω1 = ωa) modes, a probe photon can promote the same molecule 
into the second vibrational excited state of the symmetric mode |200>, into the combination 
band |101> or into the second excited state of the asymmetric mode |002> [see Fig. 4.3(a)]. 
Any excited-state transition manifests itself as a single negative-sign band in a pump-probe 
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or 2D experiment. The blue dots in Fig. 4.3(b) show the central positions of the induced 
absorption bands, obtained according to Eqs. 4.15-4.17.  
Irrespective of which mode (|100> or |001>) was initially excited, the negative peaks 
corresponding to the transitions to the |200> or |101> states are shifted to lower frequencies 
along the ω3 axis with respect to the corresponding fundamental, and merge to form the 
broad feature around 3380 cm-1. Although these anharmonic displacements are between 
180 and 230 cm-1, comparable with the 200 cm-1 anharmonicity of individual oscillators, 
this similarity is merely coincidental, as the anharmonic shifts in the symmetric-asymmetric 
base also depend on the value of the coupling constant J. 
The transitions to the |002> state are shifted along the ω3 axis by significantly different 
values. For instance, the |001> → |002> transition is shifted with respect to |000> → |001> 
along the ω3 axis by 50 cm
-1. This transition can be clearly seen in the 2D spectrum 
[Fig. 4.3(b)] as a negative peak centered at (3625 cm-1, 3575 cm-1). Similarly, the transition 
to the same |002> final state but starting from the |100> state peaks at 3640 cm-1. Note that 
this band cannot be directly observed in the ZZYY 2D spectrum because it is overwhelmed 
by the positive contribution that peaks at (ωs, ωa).  
The physical origin of the positive off-diagonal contributions is not directly apparent 
from the energy level diagram shown in Fig. 4.3(a), but can be readily understood based on 
the following considerations. First, the positive sign of the signal corresponds to bleaching 
or stimulated emission. Second, it results from the excitation of the symmetric mode 
(ω12 = ωs) and peaks at the frequency of the asymmetric mode (ω34 = ωa). Third, for a 
waiting time of 0 fs, no vibrational population dynamics could have significantly 
influenced the 2D signal. Thus, the main origin of this peak can only be the bleaching of 
the common ground state for the symmetric and asymmetric modes. The molecules 
promoted into the |100> state leave a “hole” in the ground state for the asymmetric mode, 
as they cannot absorb anymore at the |000> → |001> transition frequency. A similar 
contribution peaks at (ωa, ωs), reflecting the bleaching of the sample at the frequency of the 
symmetric mode upon the excitation of the asymmetric one. As the signal in this region is 
dominated by the negative |001> → |002> transition, this component is only slightly visible 
in the simulated 2D spectrum but not in the experimental one. These positive off-diagonal 
signals, marked with purple dots in Fig. 4.3(a), are usually termed as cross-peaks. 
From our analysis of a single 0 fs waiting time spectrum, it is clear that 2D correlation 
spectroscopy considerably complements the information obtained from the pump-probe 
experiments (see the previous chapter). Thus, some transitions that are screened in the 
pump-probe measurement are now clearly resolved. Amongst those is the |001> → |002> 
transition, which in the pump-probe can only be presumed from the slightly deeper gap 
between the fundamental transitions as compared to the linear spectrum. Also, from the 2D 
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spectrum it is possible to single out the effects of exciting of either the symmetric or the 
asymmetric modes, which facilitates a much better comparison with the calculations. For 
instance, the excited-state transitions are clearly different for symmetric and asymmetric 
modes. 
Despite the wealth of information derived from a single 2D spectrum, one should bear 
in mind that this is merely a static picture that can not provide any insights regarding the 
system evolution in time. In order to verify the existence of the intramolecular energy 
exchange, a complete set of patterns, measured for a number of waiting times, is required. 
The top row in Fig. 4.4 shows the 2D correlation spectra of monomeric water dissolved in 
acetonitrile for waiting times up to 0.5 ps. Each spectrum is normalized on the maximum 
value, and the equidistant levels marked with solid lines represent variations of 10% of the 
signal amplitude. The dotted line corresponds to zero amplitude. The most striking 
observation is that the patterns change significantly only in the first couple of hundreds of 
femtoseconds, after which they remain almost identical. At even longer waiting times, the 
normalized 2D correlation spectra are, within the signal to noise of the experiment, 
indistinguishable (Fig. 4.5). This general observation suggests that the important dynamics 
in this system occur extremely fast, and are practically over within one picosecond. Is it 
possible to quantify the energy redistribution? Previous studies [25,35] have shown that the 
redistribution of the vibrational population between coupled modes is best reflected in the 
dynamical behavior of the cross-peaks. As explained above, these peaks reflect the 
response of the system at the frequency of the asymmetric mode upon the excitation of the 
symmetric one, and vice versa. As explained above, at a 0 fs waiting time, the cross-peaks 
mostly originate from the bleaching of the shared ground state. However, if the two modes 
exchange vibrational population, the amplitude of the cross-peaks will change in time, as 
the transferred vibrational population yields additional signal in the form of stimulated 
emission. Therefore, monitoring the amplitude of the 2D signal at the coordinates (ωs, ωa) 
and (ωa, ωs) provides direct information on the exchange of vibrational energy. In the limit 
of slow vibrational relaxation, the diagonal peaks will decay at the same rate as the cross-
peaks grow. In practice however, the population relaxation of stretching modes will 
eventually cause all the components to decay. Thus, both diagonal and cross-peaks should 
change on two time scales, the first one being related to the population exchange and 
second one to the overall vibrational relaxation identical for all components. 
The usual method to quantify the population exchange between two coupled modes 
consists in monitoring their evolution in time [37,38]. However, for rather congested 
spectra, such as the one of H2O in acetonitrile, this method is not directly applicable. In 
these situations the various contributions are not well separated from each other and 
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influences from the neighboring peaks. Therefore, we use a simplified approach and 
analyze the amplitude of the signal around the maximum of the diagonal and cross-peaks. 
This is equivalent to introducing narrow band filters in both the detection and probing 
dimensions, which considerably improves the sensitivity to the transitions of interest. As 
can be seen from Figs. 4.3(b) and 4.4, even for t23 = 0 fs there is some off-diagonal signal, 
more evident at (ωs, ωa). As discussed above, the cross-peaks at t23 = 0 fs mostly originate 
from the bleaching of the common ground state. However, this contribution might also 
 
 
Fig. 4.5. (Continuation of Fig. 4.4) Experimental (top) and calculated (bottom) 
absorptive 2D correlation spectra obtained in the ZZYY polarization geometry at 1 ps 
(center) and 5 ps (right) waiting times (t23). To ease the comparison, the 0.5 ps spectra 
already presented in Fig. 4.4 are also shown (left). 
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reflect the energy exchange that occurs during the coherence interval t12. In the first few 
hundreds of femtoseconds, the relative intensity of the cross-peaks with respect to the 
diagonal ones grows significantly [see Fig 4.4]. The (ωs, ωa) peak shows the most 
impressive evolution and the signal at this frequency dominates the ZZYY 2D spectrum 
after a few hundreds of femtoseconds. At the (ωa, ωs) frequencies the situation is slightly 
more complex, as two different transitions overlap at this point. Thus, the positive cross-
peak competes here with the negative signal originating from the induced absorption 
|001> → |002>. It is interesting to notice here that the positive contribution grows at the 
same time scale as the negative one decays, as they both reflect the population transfer 
from the |001> state. Thus, the accidental overlap of the two transitions at these coordinates 
substantially increases the contrast of the dynamical features and facilitates the retrieval of 
the exchange time. 
Figure 4.6 shows the amplitude of the diagonal (empty squares) and cross-peaks (dots) 
as function of the waiting time, following the excitation of the symmetric mode (left panel) 
and asymmetric mode (right panel). Two different time scales can be distinguished in all 
curves. For waiting times longer than 1 ps, all signals decay with time constants of about 10 
ps, in reasonable agreement with the stretch lifetime found previously from pump-probe 
experiments [11]. At short time delays the diagonal peaks decay and the cross-peaks grow 
with roughly identical time constant of 0.2 ps, reflecting the energy exchange between the 




















































Fig. 4.6 The amplitude of the 2D spectra at probing frequencies equal to those of the 
symmetric (empty squares) and asymmetric (dots) stretch, following the excitation of 
the symmetric (left panel) and asymmetric (right panel) modes. In other words, the 
empty squares correspond to the diagonal peaks and the dots to the cross-peaks. The 
empty rhombs in the large panels and in the insets show the population ratios in linear 
and logarithmic scale, respectively. Fits to the experimental data are shown as solid 
curves (see text for details).  
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symmetric and asymmetric modes. The fast energy exchange becomes even more apparent 
when we plot the population ratio (empty rhombi in Fig. 4.6) obtained by dividing the 
amplitude of the cross-peak (dots) by the amplitude of the corresponding diagonal peak 
(empty squares). The energy exchange leads to an equilibration of the populations within a 
half of picosecond, after which the backward transfer along the ω3 axis balances the 
forward dynamics. Fitting an exponential growth function (dashed lines in Fig. 4.6) to the 
population ratios yields a time constant of 0.2 ± 0.1 ps.  
In general, the amplitude of the signal at specific points can change not only due to 
population dynamics, but also due to dephasing processes [37,38]. The dephasing results in 
changes of the peak shape and thus the variations in the amplitude are not the same as those 
of the peak volume. However, for our system these issues are not very critical. First of all, 
as can be seen from Fig. 4.4, the cross-peaks have a round shape even at short delays, and 
their shape does not change in time. In addition, the diagonal (ωs, ωs) peak also shows 
extremely fast dynamics. The asymmetric mode on the other hand retains its elliptical 
shape longer than the symmetric one, as can be seen from the evolution of the diagonal 
peaks. Assuming identical dynamics in the ground and excited states, the influence of the 
dephasing onto the second cross-peak (ωa, ωs) is compensated by normalizing the signal 





In this chapter we have thoroughly tested the conclusions based on the pump-probe 
measurements presented in the previous chapter using the more powerful technique of 2D 
correlation spectroscopy. This experimental method is able to single out several 
contributions to the non-linear signal, which is beyond the capabilities of the pump-probe 
experiments. We have confirmed that at any particular probe frequency the responses from 
several transitions interfere to compose the pump-probe signal. Each of these has a 
different orientation of the transition dipole and therefore the polarization of the integrated 
over ω1 response depends on their interplay. This elucidates the peculiar wavelength 
dependence of the anisotropy observed previously. For instance, at a probe frequency of 
3575 cm-1 the integrated over ω1 signal is the sum of contributions from the diagonal peak 
(ωs, ωs), cross-peak (ωs, ωa) and the |001> → |002> transition seen as a negative peak at 
wavelengths (ωa, 3575 cm
-1) in the t23 = 0 fs spectrum. Moreover, following the energy 
transfer from the symmetric to the asymmetric modes, a negative contribution from the 




We have directly observed the energy exchange between the symmetric and 
asymmetric stretching modes, which occurs with a characteristic time in the order of 200 fs. 
This is clearly reflected in the evolution of the cross-peak amplitudes, which grow 
significantly in the first few hundreds of femtoseconds. After this time, the energy transfer 
back to the initially excited state occurs with equal probability as the forward transfer, and 
thus the relative intensity of the cross-peak remains constant. The evolution of the 2D 
spectra on picosecond time scale is only determined by the population relaxation, which 
causes all frequency components to decay at the ~10 ps scale corresponding to the OH 
stretch lifetime of H2O molecules dissolved in acetonitrile.  
Our 2D correlation study on H2O in acetonitrile complements the understanding of 
intramolecular processes in water derived from previous work by the Graener’s group. In 
their experiments, H2O molecules dissolved in solvents that form very weak hydrogen 
bonds with water were investigated. Typically, times of a few picoseconds were observed 
for the energy exchange. The slightly stronger hydrogen bonded environment in our case 
causes a tremendous acceleration of the intramolecular water dynamics, with the relevant 
times decreasing by a decimal order of magnitude. This reflects a more efficient dynamical 
mode mixing due to the better overlap between the energy bands associated with symmetric 
and asymmetric vibrations.  
The presented experiments demonstrate that the symmetric-asymmetric mode 
separation still offers a reasonable description for H2O molecules in weakly hydrogen 
bonded solvents, including acetonitrile. For stronger and shorter lived hydrogen bonds, 
several complications can be expected. For instance, if only one hydrogen atom is involved 
in a strong hydrogen bond and the other one is unbonded, the two oscillators have markedly 
different frequencies and do not interact efficiently. Also, in systems with a high density of 
OH oscillators, such as bulk H2O, the intermolecular interactions might play an important 
role, causing vibrational delocalization over several neighboring molecules. For such 
systems is not clear to what extent the description in terms of symmetric - asymmetric 
normal modes is still applicable.  
On the experimental side, 2D correlation spectroscopy with 70 fs pulses appears to be 
a suitable method for investigating the intramolecular vibrational energy exchange in H2O 
in acetonitrile. The very fast dynamics that occur in this system require a high temporal 
resolution. Therefore, these processes can hardly be accessed in a double resonance 
experiment [26,35], which inherently lacks the necessary temporal resolution. Moreover, 
for systems with even stronger hydrogen bonds, in which the intramolecular water 
dynamics are presumably faster than in acetonitrile, the issue of time resolution becomes 
even more significant. In addition, the pronounced spectral broadening that characterizes 
the OH stretching band in strongly bonded environments, such as bulk water, leads to 
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extremely congested spectra and makes it very difficult to decompose the nonlinear 
response into the respective sub-bands. In this case, by qualitatively extrapolating the 
present observations, one would expect the merging of the four positive peaks, namely the 
two diagonal and two cross-peaks. As a result, the 2D spectrum will appear as a broad and 
slightly square-shaped positive contribution, which would develop at very early times, 
presumably shorter than 100 fs. Therefore, 2D correlation experiments on such systems 
should preferably be carried out with laser pulses shorter than 50 fs. Without such time 
resolution, it will be very difficult to identify any subbands and to understand whether the 
measurements reflect a single exciton-like band or a very fast mixture of different 
contribution.  
From the 2D spectra of H2O in acetonitrile, it can be seen that the dephasing times for 
the two diagonal peaks are slightly different. Thus, the spectral band associated with the 
asymmetric mode maintains its elipticity somewhat longer that the one associated with the 
symmetric mode. Although this issue has not been discussed in detail here, as the focus of 
this chapter is different, it might offer an opportunity to recognize the presence of subbands 
in very broad spectra. Thus, an indication that a 2D spectrum does not reflect a single 
energy band and it actually consists of symmetric and asymmetric sub-bands would be the 
presence of slightly slower dephasing in the high ω1 and ω3 frequencies region as compared 
to the lower frequencies one. This issue is currently under investigation and 2D correlation 
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